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ABSTRACT 
The objective of this thesis is to determine the 
feasibility of apply~ng finite element analysis techniques 
in the redesign for manufacturability of products with 
complex shapes. As part of this work, a methodology to 
accomplish this was developed. In addition, this thesis 
presents the fundamental principles of finite element 
analysis together with the reasons for its use, and makes a 
case for introducing finite elemftnt analysis techniques more 
\ 
frequently in the redesign for manufacturability process. 
In order to examine the feasibility of the methodology 
developed in this thesis, the methodology was applied to an 
actual redesign for manufacturability of a product with a 
complex shape. The difficulty in redesigning and 
manufacturing this product lay in the fact that the geometry 
and several other parameters of the problem, such as loads, 
were irregular, making it difficult to obtain an exact 
solution. 
retain 
This methodology is unique in its ability to 
the complexities of the problem and find an 
approximate numerical solution for it. 
The integration among pre-processor, finite element 
analysis, and post-processor software packages provides a 
new, more cost effective approach to redesigning a product. 
Given the relative ease of applying finite element analysis 
techniques, one can develop a unique and innovative approach 
to product redesign. In this methodology, the basic premise 
1 
of the finite element analysis techniques is that a 
solution region can be analytically modeled or approximated 
by replacing it with an assemblage of discrete elements. 
Since these elements can be put together in a variety of 
ways, they can be used to represent exceedingly complex 
shapes. 
In addition, the methodology describes the finite 
element model parametrically, and this permits the designer/ 
analyst the convenience of quickly modifying the design and 
seeing the effects. 
Based on survey data from industrial environments and a 
university research lab, a list of the needed features for 
finite element pre- and post-processor packages was 
composed. In addition, different commercial packages 
available today were evaluated in order to assist the user 
in selecting the package which suits his needs. 
INTRODUCTION 
Finite element analysis (FEA) is one of the most 
powerful techniques for structural analysis[l]. However, 
high computer processing costs and lengthy modelling 
sessions have made the method expensive and labor-extensive. 
As a result, the use of finite element analysis has been 
restricted to the aerospace and nuclear industries where 
precise analysis was required regardless of cost, and to the 
automobile industry where the high cost was spread over 
large production runs of high-priced products. 
Now, the cost of performing the analysis has been 
,,.J 
lowered substantially because of reduced computer processing 
costs. Models have become much easier to construct because 
of more friendly modeling aids. Consequently, FEA can now 
be used by many smaller firms in the design of a wider range 
of products. 
Analysis can be performed more frequently than before, 
so that the design can be refined earlier in the product-
development cycle. Extremely complex models that were 
formerly impractical to analyze can now be handled, and in 
addition to the evaluation of mechanical stresses and 
deflections, the technique is being used in other analyses 
such as thermal studies, fluid flow determinations, and 
magnetic field definitions. With the advent of fast digital 
computers and finite element method, the "cut and try" 
design philosophy has been changed into "model and 
3 
\ 
analyze." In many cases, finite element models are 
developed for prototype designs for which experimental data 
can be obtained. Once finite eiement analysis results and 
experimental data have been correlated, design modifications 
can be made and these subsequent changes are often tested 
through finite element analysis before being implemented on 
actual prototypes. 
Scarcity of resources and need for efficiency in 
today's competitive world have forced engineers to evince 
greater interest in better, economical designs. 
Optimization techniques can be used to investigate a number 
of different designs and to select the best design based on 
some criterion such as weight of the structure, 
key point, or a similar function. 
stress at a 
Optimization of design is a fundamental objective of 
virtually every engineer who strives to create a component, 
device or system to meet a need[2]. Because the finite 
element method is th · · 1 d e pr1nc1pa mo eling method, it is 
incorporated as an integral part of the optimal design 
method. 
In studying design optimization, it is important to 
distinguish between analysis and design[3]. Analysis is the 
process of determining the response of a specified system to 
its environment. For example, the calculation of stresses 
in a structure that result from applied loads is referred to 
here as analysis. Design, on the other hand 
' 
is used to 
4 
mean the actual process of defining the system. Clearly, 
analysis is a subproblem in the design process because this 
is how the adequacy of the design is evaluated. Design can 
be defined as the process of finding the minimum or maximum 
of some parameter called the objective function. For the 
design to be acceptable, it must also satisfy a certain set 
of specified requirements called constraints. Most design 
organizations now have computer codes capable of analyzing a 
design which the engineer considers reasonable. With the 
availability of computer codes to analyze the proposed 
design, the next step is to automate the design process. 
The 
the 
design automation may consist of a series of loops 
computer code which cycle through many combinations 
in 
of 
design variables. The combination which provides the best 
design satisfying the constraints is the optimum design. 
Numerical optimization techniques offer a logical 
approach to design automation, and many algorithms have been 
proposed in recent years[3]. Some of these techniques, such 
as linear, quadratic, dynamic and geometric programming 
algorithms, have been developed to deal with specific 
classes of optimization problems. A more general category 
of algorithms referred to as nonlinear programming has 
evolved for the solution of general optimization problems. 
Of the engineering disciplines, structural design has 
probably seen the most widespread development 
application of numerical optimization techniques. 
5 
and 
Most 
linear elastic structures today are analyzed using the 
finite element technique, using the displacement method. 
With this analysis tool, we have the advantage of being able 
to calculate gradients of the weight of the structure and 
most common constraints with little computational effort 
beyond 
reason, 
that required for a 
structural synthesis 
relatively 
constraints. 
large numbers 
6 
single analysis. 
can efficiently 
For 
deal 
of design variables 
this 
with 
and 
FINITE ELEMENT ANALYSIS METHOD 
3.1 INTRODUCTION TO FINITE ELEMENT METHOD 
3.1.1. What is the Finite Element Method? 
The finite element method is a numerical 
to 
analysis 
a wide technique 
variety 
developed 
for obtaining approximate solutions 
of engineering problems[4]. Although originally 
to study the stresses in a complex airframe 
structure, it 
broad field 
has since been extended and applied 
of continuum mechanics. Because 
to 
of 
the 
its 
diversity and flexibility as an analysis tool, it is 
receiving much attention in engineering schools and in 
industry. In more and more engineering situations today, it 
is necessary to obtain approximate numerical solutions to 
problems rather than exact closed-form solutions. 
For example, the load capacity of a plate which has 
several stiffeners and odd-shaped holes, or the rate of 
fluid flow through a passage of arbitrary shape without too 
much effort, the governing equations and boundary conditions 
for these kinds of problems can be written down, but no 
simple analytical solution can be found. The difficulty in 
these examples lies in the fact that either the geometry or 
some other feature of the problem is irregular or 
"arbitrary." There are several alternatives to overcome 
this problem. One possibility is to make simplifying 
assumptions--to ignore the difficulties and reduce the 
problem to one that can be handled. This procedure often 
7 
leads to serious inaccuracies or wrong answers. Now that 
large scale computers are widely available, a more viable 
alternative is to retain the complexities of the problem 
and try to find an approximate numerical solution. 
the numerical methods is the finite element method. 
One of 
The finite element method envisions the solution region 
as built up of many small, interconnected subregions or 
elements[5]. The basic premise of the finite element method 
is that a solution region can be analytically modelled or 
approximated by replacing it with an assemblage of discrete 
elements. Since these elements can be put together in a 
variety of ways, they can be used to represent exceedingly 
complex shapes. 
8 
r 
I 
I 
I 
I 
I 
I 
I 
I 
PART 
DESCRIPTION 
--------------1 
-Editing drawing I 
COMPUTER MODEL GEOMETRY 
COMPLETE 
F. E. M. 
-Recreating drawing 
-Digitizing-··from I 
blueprint I 
-Mesh,:generat ion I 
-Digitize I 
-Automatic generat-
ing I 
-Interactive tech- I 
niques I 
Data: SAP, ANSYS & I 
STRUDL with 
I OUTPUT/ D A FOR boundary cond. I L- __ ~AIN AME __________ J 
MAINFRAME 
COMPUTER 
ANALYSIS 
,- - --- -------- -----1 
I RAW 
I ANALYSIS RESULTS 
PLOT 
& LISTING 
-Generate displaced 
& deformed model 
-Display data 
-Associate data 
with model 
I 
I 
I 
I 
I I 
L--- ------------ _J 
Fig. 1., Finite Element Modelling Work Flow Diagram. 
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3.1.2. How Does the Method Work? 
In a continuum problem of any dimensions, the field 
variable (whether it is pressure, temperature, displacement, 
stress, or some other quantity) possesses infinitely many 
values because it is a function of each generic point in the 
body or solution region[4]. Consequently, the problem is 
one with an infinite number of unknowns. The finite element 
discretization procedures reduce the problem to one of a 
finite number of unknowns by dividing the solution region 
into elements. A variety of element shapes may be used and 
different element shapes may be employed in the same 
solution region. 
The approximating functions, called also interpolating 
functions, are defined in terms of the values of the field 
variable at specified points called nodes. Nodes usually 
lie on the element boundaries where adjacent elements are 
considered to be connected. The nodal values of the field 
variable and the interpolation functions for the elements 
completely define the behavior of the field variable within 
the element. The field variable may be a scalar, a vector, 
or a higher-order tensor. Often, polynomials are selected 
as interpolation functions. The degree of the polynomials 
chosen depends on the number of nodes assigned to the 
element, the nature and number of unknowns at each node, and 
certain continuity requirements imposed at the nodes and 
10 
along the element boundaries. 
An important feature of the finite element method is 
the ability to formulate solutions for individual elements 
before putting them together to represent the entire 
problem[4]. Once the elements and their interpolation 
functions have been selected, we are ready to determine the 
matrix equations expressing the properties of the individual 
elements. In order to find the properties of the overall 
system modeled by the network of elements, we must assemble 
all the element properties. The basis for the assembly 
procedure stems from the fact that, at a node where elements 
are interconnected, the value of the field variable is the 
same for each element sharing that node. The assembly 
process gives a set of simultaneous equations which can be 
solved to obtain the unknown nodal values of the field 
variable. 
11 
3.1.3. A Brief History of the Development of Finite Element 
Theory 
Since the finite element concept is to a large extent 
physical rather than abstract in nature, it has been in use 
in a variety of forms for centuries. The basic idea has 
always been to replace an actual problem by a simpler one. 
Each of the three different specialists--a physicist, 
an applied mathematician, and an engineer--has some 
justification for claiming the finite element method as his 
own because ~ach developed the essential ide~s independently 
at different times and for different reasons[4]. The 
applied mathematicians were concerned with boundary value 
problems of continuum mechanics. The physicists were also 
interested in solving continuum problems, but they sought 
means to obtain piecewise approximate functions to represent 
their continuous functions. Faced with increasingly complex 
problems in the aeroelasticity field, the engineers were 
searching for a way in which to find the stiffeners 
influence coefficients of shell-type structures reinforced 
by ribs and spars. The efforts of these three groups 
resulted in three sets of papers with distinctly different 
viewpoints. 
Aircraft have always presented the structural engineer 
with some of his most difficult problems. The relentless 
drive for minimum weight, coupled with maximum safety, has 
12 
left little room for guesswork. To meet these requirements, 
aircraft structural engineers pioneered the development of 
high-strength, lightweight alloys, and led the research that 
resulted in refined methods of structural analysis. In the 
late 1940's, jet power aircraft began to appear and the 
sequence of design changes introduced at that time is very 
much in evidence today. Due to increased flight speeds with 
jet engines, it became necessary to take compressibility of 
the air into account in designing the external shape of the 
aircraft. 
As a result, the idealized problems that the structural 
analyst's theory could handle turned out to be too simple to 
represent the actual problem. The work that quickly got 
under way to provide a solution eventually led to the finite 
element method of today. 
13 
3.1.4. Analysis Types and Range of Applications 
The finite element method is applicable in several 
types of analysis[6]. The most common is static analysis, 
which solves for deflections, strains, and stresses in a 
structure under a constant set of applied loads. 
Natural frequency analysis calculates the free 
vibration natural frequencies and associated node shapes of 
a structure. This analysis predicts critical operation 
conditions for machining. 
Transient dynamic analysis determines the time-response 
history of a structure subjected to a force displacement 
function. The structure may behave linearly or, in some 
cases, friction plasticity, large deflections, or gaps may 
produce nonlinear behavior. Once the time response history 
is known, complete deflection and stress information can be 
obtained for specific times. A similar method is forced 
harmonic response analysis, which calculates the steady-
state response of a structure to a continuous set of 
sinusoidal loadings. Complex displacements and phase angles 
are calculated. Deflections and stresses may again be 
calculated at specific times. 
Heat transfer analysis can solve steady-state and 
transient heat transfer problems. In most cases, thermal 
output data are applied as input to a structural analysis 
program to determine thermal deflections and stresses. 
14 
Most applications of finite element analysis determine 
stresses and deflections in mechanical parts under load[6]. 
Until recently, most of these parts were frames and other 
structural components in automobiles and aircraft. Today, 
the use of analysis has broadened to other applications, 
particularly consumer products. For example, tennis racket 
designs are optimized by determining the deflections of key 
locations, thereby indicating control and hitting power. 
Likewise, FEA is used to study the deflection in skis, where 
the tips must be rigid enough not to wobble yet sufficiently 
flexible to bend and give a smooth ride. 
Finite element analysis is also used extensively in the 
design of small recreational vehicles such as dune buggies 
and snowmobiles. In these applications, FEA is used to 
develop lightweight frames and other structural members that 
can withstand high shock loads. The method is also used in 
the design of home appliances to determine, for example, if 
housings can withstand being dropped on the floor. Plastic 
beverage bottles are analyzed with FEA to develop containers 
that are lightweight and use minimum material yet can 
withstand high levels of internal pressure from carbonation. 
FEA is also being used increasingly in other areas of 
continuum mechanics in the study of thermal distributions, 
fluid flow, and magnetic field definitions. Thermal 
analysis is particularly important in designing electronic 
products where, for example, heat build-up can lead to a 
15 
component failure. Thermal analysis is also useful in 
determining the cooling rates in injection-molded parts 
where uneven heat can warp or even crack the components. 
Determining cooling rate is especially important in high 
precision parts where dimensional tolerances may not be met 
if the part deforms during cooling. 
The capability to study fluid flow with FEA is also 
used in the development of injection molds to determine how 
resin enters and fills the mold cavity. Such analysis 
determines fill patterns, flow paths, weld lines where 
different flow fronts meet, and pressure distributions. FEA 
is also used in fluid-flow studies to determine fuel flow in 
valves and other control devices, blood flow in artificial 
and natural organs, tank filling and emptying, and behavior 
of material in extrusion and casting processes. 
In the analysis of magnetic field distributions, FEA is 
used to determine the field distribution around equipment 
such as medical body scanners as well as in the design of 
electromagnetic devices such as actuators, generators, 
motors, transformers, and relays. Some programs calculate 
parameters such as forces and inductances for the device so 
that the design geometry and materials can be modified to 
increase efficiency and reduce energy losses. 
16 
3.2 EVALUATION OF SOFTWARE PACKAGES FOR FINITE ELEMENT 
ANALYSIS 
3.2.1 Introduction 
In today's highly competitive marketplace, companies 
must bring products to market more quickly than ever before. 
But the need to compress development time has been 
complicated by an increased emphasis on product.reliability, 
durability, and efficiency. Traditional methods of design 
rely heavily on building and testing actual physical 
prototypes. This technique is not only costly but also 
time-consuming and ineffective as a predictive tool since 
design flaws are not detected until a product is well along 
the design cycle. 
The finite element method represents a significant 
advance in computer-aided analysis[6]. However, its use has 
been restricted because of the difficulty traditionally 
associated with finite element model building, the cost of 
processing on mainframe computers, and the high degree of 
skill required to interpret analysis results via computer 
printouts. 
The integration among pre-processor, finite element 
analysis, and post-processor software packages provides a 
new, more cost effective approach enabling design concepts 
at the earliest stages of development. Using these software 
packages, design engineers can quickly perform finite 
element modeling and analysis. After creating models, the 
17 
users can apply loads and restraints, perform linear static 
and dynamic analyses, pinpoint the critical areas of stress 
and strain in the model, and view the analysis results. 
This integrated approach shortens the learning curve in 
product design and helps design engineers optimize designs 
early in the development cycle. In this manner, a product's 
performance and reliability are evaluated with a computer 
model, rather than with a physical prototype. Final 
prototypes are not eliminated but rather are built only to 
validate and confirm predicted responses. 
3.2.2. Identify Needs of a Finite Element Package 
a) Pre-Processor 
Construction of the model has always been one of the 
most labor-intensive steps in finite element analysis. In 
the early 1960's when FEA was first introduced, mesh 
generation was done entirely by hand[6]. In the mid 1970's, 
interactive graphics made the task easier with pre-
processing routines that allowed the user to digitize 
element node points with an electronic tablet and cursor. 
By the late 1970's, pre-processors included the capability 
of generating a mesh by interactively copying nodes and 
elements in a so-called drag-mesh approach in which the user 
digitizes a boundary and a single element in the corner 
while the computer replicates the element across the entire 
area. 
Today, most modeling packages use a mapped mesh 
18 
generation approach in which part geometry is divided into 
separate four-sided areas in which the user specifies mesh 
density according to the required accuracy of the results. 
The system then automatically creates a pattern of elements 
in that area. 
Mesh generation is a pre-processor function which 
generates finite elements to model structures for solution 
with analysis programs such as NASTRAN. The analyst 
supplies the descriptions of one, two, and three dimensional 
regions, called grid point fields, which may be bounded by 
curved lines and surfaces. Elements of different types may 
be mixed and ~he properties of individual elements may be 
varied within a grid point field. Fields are topologically 
interconnected at adjoining mesh lines and areas via common 
end and corner grid points. Mesh sizes may be reduced at 
field intersections enabling the analyst to model regions of 
low stress gradients with fewer elements. 
Mesh density is generally specified by defining the 
number of node points required on each side of the mapped 
area, with the number of nodes generally the same on 
opposite sides of the area[6]. The system connects 
corresponding nodes on the opposite sides, creating a criss-
crossing network of lines that define a uniform mesh of 
nodes and elements across the area. Another required 
feature allows the user to specify different numbers of 
nodes or a different spacing on opposite sides of the area. 
19 
The system automatically accommodates the differences in 
node numbers with appropriate element connectivity that 
blends the areas together in a smooth transition. 
Another feature available is free-mesh generation that 
arranges nodes according to boundary shape rather than a 
repeating element pattern. This capability is useful in 
handling irregularly curved contours and internal cutouts. 
The shape of a finite element model component is 
dependent on the interpolation method selected, the 
positions of control grid points used in interpolation and 
the coordinate system in which interpolation is performed. 
Most modeling packages have the ability of working in 
different coordinate systems such as cartesian, cylindrical 
and spherical. It is very important to have the abilities 
to define a coordinate system and to change coordinate 
systems for geometry definition. 
There are many interpolation methods for the generation 
of field grid point positions[7]. The most common are: 
1) Linear interpolation from field vertices 
2) Prescribed boundary interpolation or ruling 
3) Implied boundary interpolation of blending 
4) Higher order interpolation 
5) Subfield interpolation 
Interpolated grid field shapes may be distorted through 
analytical and tabular functions. Provisions are included 
20 
for defining field edges that lie on the intersection of 
surfaces, that are constructed from straight and circular 
line segments, and that can be approximated with spline 
functions. Additionally, mesh points, lines and areas may 
be generated that are offset and distorted duplicates of 
existing mesh points, line and areas. 
Identification numbers assigned to field grid points 
are formatted such that grid points can be easily located in 
a field. In addition, analysts may preallocate 
identification numbers to be assigned to field grid points. 
A variety of sequential numbering schemes are available for 
the selection of element identification numbers assigned to 
generated elements. 
The types of elements available to form a finite 
element model vary with the program being used. Elements 
can be generally classified as two-dimensional, three-
dimensional, axisymmetric, plate or beam. Two-dimensional 
and axisymmetric elements may be triangular or 
quadrilateral. Three-dimensional elements may be 
tetrahedral or hexahedral. 
Additionally, elements may also be classified as linear 
or quadratic (second order). A linear element has nodes 
only at 
describe 
it vertices. For this reason, it can generally 
only linear variations in displacements along its 
boundaries. Because of the linear variation in 
displacement, the linear element assumes a state of constant 
21 
strain within the element. A quadratic element has midside 
nodes in addition to corner nodes. Because its side 
boundaries are described by three points, the element can 
model a quadratic or second-order variation of displacement. 
Thus, such elements can represent a linear vRriation of 
strain within the element. As a result, quadratic elements 
are more accurate than comparable linear elements. However, 
computational time is significantly higher. 
Many programs also have higher order elements such as 
cubic (third order) and quartic (fourth order), as well as 
the isoparametric types that permit the representation of 
curved elements. 
A variety of graphic features are also available to aid 
in construction of the model. Hidden-line removal erases 
background elements from the display, thereby simplifying 
complex models for the analyst to see the mesh network more 
clearly on forward part surfaces. Zoom features give a 
closer look at the mesh by magnifying selected portions of 
the model. Windowing displays the model at any orientation, 
allowing the user to view the mesh at various angles in 
order to verify that the part geometry is properly 
represented. A shrink feature lets the user check easily 
for missing elements by reducing size toward the center, 
thereby 
noticeable 
separating 
holes 
individual 
in the model. 
boundaries 
Free-edge 
to reveal 
checking 
highlights inadvertent cracks in the model where surfaces 
22 
join together while warp checking highlights elongated 
elements that are likely to produce unreliable results. 
Most modeling packages also have rudimentary graphic 
construction features, allowing the user to define a wire-
frame boundary as a basis for mesh generation. The latest 
development in geometric interfacing is the linking of solid 
modellers to finite element analysis modellers. Solid 
models generally contain most of the information required to 
generate the finite element model with minimal 
interaction. 
0 A summary of the needed features for pre-processor 
finite element package: 
I. MENU-DRIVEN 
II. GEOMETRY DEFINITION 
- WIRE FRAME 
1) Points 
2) Lines 
3 ) Arcs 
4) Splines 
5) Edges 
6 ) Surfaces 
7) Volumes 
III. GEOMETRY DEFINITION 
- SOLIDS 
1) Primitives 
2) Boolean Operations 
3) Profile Generation 
23 
user 
in 
4) Extrusion 
5) Solid of Revolution 
6) Enhanced Solids Capabilities: Benoing, 
Skinning, Warping 
7) Transfer of Solids Geometry 
IV. GEOMETRY DEFINITION - CO-ORDINATE SYSTEMS 
1) Cartesian Co-ordinate Systems 
2) Cylindrical Co-ordinate System 
3) Spherical Co-ordinate System 
4) Ability to Define a Co-ordinate System 
5) Change Co-ordinate System for Geometry Definition 
V. MODEL VISUALIZING CAPABILITIES 
1 ) Ability to Define Views 
2) Ability to Store Views 
3) Vector Definition of Views 
4) Multiple Views on Viewing Screen 
5) Screen Rotation 
6) Model Rotation 
7) Zooming 
VI. GEOMETRY TRANSFORMATIONS 
1 ) Translation 
2) Rotating 
3) Mirroring 
4) Scaling 
VII. MESH GENERATION 
1 ) Control over Mesh Break-up 
24 
2) Biasing 
a) end 
b) middle 
c) mixed (entity based) 
3) Elements Types 
4) Automatic Generation 
5) Manual Generation 
6) Deletion of Manually Defined Nodes and Element 
7) Use of Automatically Generated Nodes for 
Element Definition 
8) Multiple Geometric Parts Sharing Common 
Manually Defined Nodes 
9) Element and Node Transformation 
VIII. MODEL PREPARATION 
1) Physical Properties Table Generation 
2) Material Properties Table Generation 
3) Loads 
a) nodal forces definition/generation 
b) pressure lodes definition/generation 
4) Restraints 
a) fixed 
b) free 
c) enforced 
d) co-ordinate system 
b) POST-PROCESSOR - RESULT EVALUATION 
Post-processing is the process of reviewing 
25 
and 
interpreting the results of an analysis. It is a general 
tool which may be used to review analysis results from any 
finite element analysis program for which a post analysis 
interface has been created. Each post-processor interface 
program tailors the post-processor menus and displays to 
that analysis language and to the specific analysis for 
which results were retrieved. Since the interface is 
general, the postprocessor makes no assumptions as far as 
what each individual answer means and it is left to the user 
to generate meaningful displays. 
After a solution is obtained for a problem, many 
information output options and graphical displays are 
possible permitting the user to interpret the solution more 
efficiently. This graphical display of analysis results 
greatly simplifies the task of interpretation and eliminates 
the tedious review of lengthy computer printouts. Important 
aspects of these graphical displays are: 
o Examination of the structure in its original and deformed 
configuration. A good postprocessor provides the capability 
to view the deformation resulting from structural analysis 
of the finite element model. It provides the capability to 
display the deformed structure by itself or to superimpose 
it over the original undeformed model. 
o Information on displays of stress contours and principal 
stress. Stresses and strains may also be presented 
graphically as color contour plots. These display features 
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permit the design engineer to quickly spot areas of high 
stress and, therefore, areas of potential structural 
failure. Among the many options provided by the finite 
element postprocessor are contour lines or continuous color 
fringe plots of any input or any computed quantity displayed 
on the original of deformed geometry, node shapes and time-
dependent response. 
o X-Y Plotting. This capability provides the user with the 
flexibility to produce the highest quantity presentation 
graphics to suit a variety of purposes from documentation to 
finished reports. The user can produce X-Y plots of any 
quantity against an independent parameter; for example, 
stress versus axial position, or sheer strain versus angular 
position in a co-ordinate frame. A good X-Y plotting module 
provides complete flexibility to the user in the production 
of high quantity plots, including options such as multiple 
line styles, colors and thicknesses, area fill, multiple 
data sets on a single plot, and multiple plots per page. 
To facilitate the communication of results to a variety 
of individuals in an organization, additional graph styles 
are required, such as pie charts, bar charts, and stacked 
bar charts. The creative use of these graphs, which are 
normally associated with business applications, can provide 
clarity to the presentation of engineering information. For 
example, a bar chart could be used to illustrate the maximum 
load examined for various material types, while a pie chart 
27 
could be used to illustrate the percentage of various 
materials in a model. 
o A summary of the needed features for post-processor of 
finite element package: 
I. MENU DRIVEN 
II. DISPLACEMENTS 
1) Hidden Line Removed Deformed Geometry 
2) Element Boundaries of Undeformed Object on 
Deformed Geometry 
3) Undeformed Outline on Deformed Geometry 
4) Contours 
5) Shaded Contours 
6) Resultant Displacements 
7) Nodal Displacements in Different Co-ordinate 
Systems (X-Y plots) 
8) Cross-sections Deformed Geometry 
9) Cross-sections Contours 
10) Cross-sections Geometry 
III. STRESSES 
1) Color Shaded Contours 
2) Element Stresses 
3) Von-Mises 
4) Nodal Stresses Cartesian and Cylindrical 
5) Principal Stresses 
IV. PLOTTING OPTIONS 
1) Contour - Color Shaded 
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2) Contour - Line 
3) Graph on XY Plot 
4) Numeric or Criterion 
5 ) Peaks 
6 ) Shape or Deformed Geometry 
7) Table or Reports 
8) Vectors 
9) Unwrap Feature (cylinder) 
V. GROUPING FEATURES 
1) Ability to Define Groups of Elements and Nodes 
2) Ability to Store Groups of Elements and Nodes 
3) Ability to Use Groups for XY Plots 
VI. FEATURES FOR BETTER VISUALIZATION 
1) View Definition 
2) View Storage 
3) Menu Driven Zooming 
4) Screen Rotation 
VII. OTHER FEATURES 
1) Cyclic Symmetry 
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DESIGN OPTIMIZATION 
4.1 INTRODUCTION TO OPTIMIZATION 
In the most general terms, optimization theory is a 
body of mathematical results and numerical methods for 
finding and identifying the best candidate from a collection 
of alternatives without having to enumerate explicitly and 
evaluate all possible alternatives[B]. The process of 
optimization lies at the root of engineering, since the 
classical function of the engineer is to design new better I I 
more efficient, and less expensive systems as well as to 
devise plans and procedures for the improved operation of 
existing systems. 
The power of optimization methods to determine the best 
case without actually testing all possible cases comes 
through the use of a modest level of mathematics and at the 
of performing iterative numerical calculations cost using 
clearly defined logical procedures or algorithms implemented 
on computing machines. A dominant influence in making 
design optimization possible is the hi'gh speed di'g1·t 1 - a 
computer. The conventional method of first fabricating a 
trial design and then testing to see if it works has been 
supplemented by a preliminary design phase in which 
mathematical models and numerical analysis are used as 
test of the system, prior to the expensive hardware phase. 
The design process consists of both selecting 
a 
a 
suitable concept and, in the final stage, 1 t· comp e 1ng a 
30 
detailed design study which fixes the size, materials, 
layout and other parameters of the actual product. 
selection of an appropriate concept necessitates 
The 
the 
examination of a range of models at the project stage with 
judgment made concerning the different models. At the 
detailed design stage there is an attempt to come with a 
selected model which is in the most efficient and cost-
effective form. Optimization methods are concerned with 
stages and provide a logical method for generating the both 
best design. Where a variety of concepts are in 
competition, it provides an attractive means for aiding 
technical judgment by generating the best design within each 
model. Thus, comparisons can be made on the basis of the 
same data and a range of optimum designs can be compared. 
The impact of structural optimization is growing due to 
economic pressures experienced by the d · · es1gn community. 
Design in any engineering discipline is a complex process by 
means of which a product is generated to satisfy a perceived 
market requirement. In the commercial environment, there 
will normally be more than one producer and emphasis has to 
be placed on matching the requirement in the most efficient 
and effective manner. 
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32 
4.2 REQUIREMENT FOR THE APPLICATION OF OPTIMIZATION METHODS 
The theory of structural design has at least two 
aspects [9]. One of these, analysis, allows for an accurate 
description of the behavior of the structure under the 
action of the applied loads and for this process the finite 
element technique is unused in most industries. The second 
aspect is the creation of designs with high efficiency which 
are demonstrably better than possible alternatives. 
In order to apply the mathematical results and 
numerical techniques of optimization theory to concrete 
engineering problems, 
important steps[BJ: 
it is necessary to follow four 
o Define the system boundaries 
In any optimization study, the system under 
investigation is part of the universe under consideration. 
The system boundaries are simply the limits that separate 
the system from the remainder of the universe. They serve 
to isolate the system from its surroundings, because, for 
purposes of analysis, all interactions between the system 
and its surroundings are assumed to be frozen at selected 
representative levels. In many situations, it may turn out 
that the initial choice of boundary is too restrictive. To 
fully analyze a given engineering system, it may be 
necessary to expand the system boundaries to include other 
subsystems that strongly affect the operation of the system 
under study. An expansion of the system boundaries 
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certainly increases the size and complexity of the composite 
system and thus may make the study much more difficult. 
Clearly, in order to make engineering work more manageable, 
it is necessary to break down large complex systems into 
smaller subsystems that can be dealt with individually. 
However, such a decomposition may constitute a potentially 
misleading simplification of reality. 
o Define the performance criterion. 
After the system of interest has been selected and its 
boundaries defined, a criterion is selected on the basis of 
which the performance or design of the system can be 
evaluated so that the "best" design or set of operating 
conditions can be identified. In many engineering 
applications, an economic criterion is selected. In other 
applications, a criterion may involve some technological 
factors such as minimum production time, maximum torque, 
maximum weight, and so on. I n any case, the "best" solution 
will always utilize the system with either the minimum 
maximum value of the performance index. 
or 
In many practical situations, it would be desirable to 
achieve a solution that is "best" with respect to a number 
of different criteria. One way of treating multiple 
competing objectives is to select one criterion as primary 
and the remaining criteria as secondary. The primary 
criterion is then used as t· · t' an op 1m1za ion performance 
measure, while the secondary criteria are assigned 
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acceptable minimum or maximum values and are treated as 
problem constraints. 
o Selection of the independent variables 
The third element in formulating a problem for 
optimization is the selection of the independent variables 
that are adequate to characterize the possible candidate 
designs or operating conditions of the system. There are 
several factors to be considered in selecting the 
independent variables: 
--It is necessary to distinguish between variables 
whose values are amenable to change and variables whose 
values are fixed by external factors lying outside the 
boundaries selected for the system in question. 
--It is important to differentiate between system 
parameters that can be treated as fixed and those that are 
influenced by external and uncontrollable factors. 
--It is important to include in the formulation all the 
important variables that influence the operation of the 
system or affect the design definition. 
--It is necessary to choose the level of detail to 
which the system is considered. It is very important not to 
obscure the problem by the inclusion of a large number of 
details of subordinate importance. 
o Assembly of the system model 
The next step, after the performance criterion and the 
independent variables have been selected, is to assemble the 
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model that describes the manner in which the problem 
variables are related and the way in which the performance 
criterion is influenced by the independent variables. Most 
optimization studies are carried out with the help of a 
simplified representation of the real system, called a 
model. Models are used because it is too expensive or time-
consuming or risky to use the real system to carry out the 
study. The model will be composed of the basic material and 
energy balance equations, engineering design relations, and 
physical property equations that describe the actual system. 
It is very obvious that the assembly of a model is a very 
time-consuming activity and one that requires a thorough 
understanding of the system being considered. 
36 
4.3 APPLICATIONS OF OPTIMIZATION IN ENGINEERING 
Optimization theory finds ready application in all 
branches of engineering in the fo~lowing areas[8]: 
o Design of components or entire systems 
Applications in engineering design range from the 
design of individual structural members to the design of 
separate pieces of equipment to the preliminary design of 
entire production facilities. 
o Operations and planning applications 
The second major area of engineering application of 
optimization is found in the tuning of existing operations 
and the development of production plans for multiproduct 
processes. Typically an operations analysis problem arises 
when an existing production facility designed under one set 
of conditions must be adapted to operate under different 
conditions. The reasons for doing this might include 
accommodating increased production throughout, adapting to 
different feedstocks or a different product state, or 
modifying the operations because the 
itself inadequate or unreliable. The 
initial design is 
solution to such 
problems might require the selection of new temperature, 
pressure, or flow conditions; the addition of further 
equipment, or the definition of new operating procedures. 
Production planning applications arise from the need to 
schedule the joint production of several products in a given 
plant or to coordinate the production plans of a network of 
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production facilities. Since in such applications the 
capital equipment is already in place, only the variable 
costs need to be considered. 
In considering the application of optimization methods 
to design and operations, the optimization step is but one 
step in the overall process of arriving at an optimal design 
or an efficient operation. Generally, that overall process 
will consist of an iterative cycle involving definition of 
the structure, model formulation, model parameter 
optimization, and analysis of the resulting solution. The 
final optimal design or new operating plan will be obtained 
only after solving a series of optimization problems, the 
solution to each of which will serve to generate new ideas 
for further system structures. 
o Analysis and data reduction applications. 
Another area for the application of optimization 
techniques 
regression 
arising in 
arising in 
in engineering can be found in 
problems as well as in many analysis 
engineering science. A very common 
engineering model development is the 
nonlinear 
problems 
problem 
need to 
determine the parameters of some semitheoretical model, 
given a set of experimental data. This data reduction or 
regression problem inherently transforms to an optimization 
problem because the model parameters must be selected so 
that the model fits the data as closely as possible. 
In addition to regression applications, a number of 
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problems arise in engineering science that can be solved by 
posing them as optimization problems; for example, the 
determination of the equilibrium composition of a chemical 
mixture, and the determination of the steady-state current 
flows in an electrical resistance network. 
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4.4 ADVANTAGES OF USING NUMERICAL OPTIMIZATION 
o A major advantage of numerical optimization is 
reduction in design time--this is especially true when 
the 
the 
same computer program can be applied to many~\ design 
projects. 
0 Optimization provides a systematized logical design 
procedure. 
o We can deal with a wide variety of design variables 
and constraints which are difficult to visualize using 
graphical or tabular methods. 
0 Optimization virtually always yields some design 
improvement. 
o It is not biased by intuition based on experience in 
engineering. Therefore, the possibility of obtaining 
improved, nontraditional designs is enhanced. 
o Optimization 
machine interaction. 
requires a minimal amount of human-
4.5 LIMITATIONS OF NUMERICAL OPTIMIZATION 
0 Computational time increases as the number of design 
variables increases. If one wishes to consider all possible 
design variables, the cost of automated design is often 
prohibitive. 
o Optimization techniques have no stored experience or 
intuition on which to draw. They are limited to the range 
of applicability of the analysis program. 
0 If the analysis program is not theoretically 
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precise, 
therefore 
carefully. 
the results of optimization may be misleading, and 
the results should always be checked very 
Optimization will invariably take advantage of 
analysis errors in order to provide mathematical design 
improvements. 
0 Most optimization algorithms have difficulty in 
dealing with discontinuous functions. Also, highly 
nonlinear problems may converge slowly or not at all. This 
requires particular care in formulating the automated design 
problem. 
o It can seldom be guaranteed that the optimization 
algorithm will obtain the global design optimum. Therefore, 
it may be necessary to restart the optimization process from 
several different points to provide reasonable assurance 
obtaining the global optimum. 
of 
o Because many analysis programs were not written with 
automated design in mind, adaptation of these programs to an 
optimization code may require significant reprogramming of 
the analysis routine. 
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4.6 DEVELOPMENT OF STRUCTURAL OPTIMIZATION 
The first analytical work in structural optimization 
was done by Maxwell in 1869[10], followed by the work of 
Michell in 1904. These works provided theoretical lower 
bounds on the weight of trusses and, although highly 
idealized, offer considerable insight into the structural 
optimization problem and the design process. 
During the 1940s and early 1950s, the availability of 
the digital computer led to the application of linear 
programming techniques to plastic design of frames. The 
setting of the 1950s was in many ways ideal for major 
advances in structural design during the 1960s. The space 
race was well under way, creating a strong demand for 
lightweight structures. Digital computers were becoming 
commonly available and the finite element method was 
offering the designer a tool for analysis of increasingly 
complex structures. Very important work was done by Schmit 
in 1960, particularly in two respects. First, he 
demonstrated that the least-weight design may not be fully 
stressed, where a fully stressed design is one in which 
each member is stressed to its allowable limit under a 
loading condition. This result was a startling departure 
from the simultaneous-failure-mode approach in common use at 
that time. Second, through the use of nonlinear programming 
techniques, Schmit offered a means of obtaining this optimum 
on the computer. This new method did not require a priori 
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selection of the failure modes, thus offering the designer 
the freedom to include many possible failure modes, allowing 
the computer to select those that would influence the 
design. 
Also at that time, there appeared to be a natural 
marriage between mathematical programming and finite element 
methods for linear analysis because gradient information 
could be readily obtained. This allowed the use of many of 
the more powerful gradient-based mathematical programming 
algorithms. Therefore, the variety and sophistication of 
design problems that could be pursued appeared 
inexhaustible. 
Mathematical programming techniques were shown to be 
effective tools for the design of numerous civil, 
aeronautical, and space structures. Design variables 
primarily were truss member dimensions, shell thicknesses, 
and ring and stringer dimensions. These were traditional 
design variables, but now several could be considered 
simultaneously. More importantly, the structure was 
designed to satisfy multiple and often complex constraints 
including strength, deflection, stability, frequency, and 
postbuckling response limits under a variety of loading 
conditions. 
Although many researchers considered these new concepts 
to be a revolutionary change in the approach to design, it 
was obvious that structural synthesis was not being embraced 
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by the professional community, as many people expected it 
would be. Some reasons for that were: 1) Design was far 
more complex than analysis, and at that time the finite 
element method was just becoming generally accepted after 
A new design approximately fifteen years of development. 
methodology takes longer to gain general acceptance. 2) 
Structural synthesis represented an integration of 
engineering and operations research disciplines. Because 
mathematical programming methods were unknown to the vast 
majority of engineering researchers, it was unreasonable to 
expect immediate and widespread acceptance. At the same 
time, it was also becoming recognized that there might be a 
fundamental limit to this new technology. The simplest 
problem often needed to be analyzed hundreds of times during 
the optimization. If this analysis were time-consuming, as 
was often the case for large finite element models, the cost 
of optimization quickly became prohibitive. 
In the late 1960s a new concept was introduced called 
optimality criteria approach. This approach began with the 
same general statement of the design problem; however, 
rather than working directly to minimize· the objective 
function, such as weight, one specified a criterion such 
that if it was satisfied, subject to the constraints, then 
the design was defined as optimum. A common criterion was 
that the strain energy density in each member of the 
structure would be the same. The essence of the optimality 
44 
that criteria approach was first to establish the criterion 
defined the optimum and then devise a recursive formula that 
led, iteratively, to the desired solution. The optimality 
criteria approach was shown to be quite effective as a 
design tool. Its key principle was that the method was 
easily programmed for the computer, was relatively 
independent of problem size, and usually provided a near-
optimum design with a few detailed structural analyses. 
This last feature represented a remarkable improvement over 
the number of analyses required for mathematical programming 
methods to read a solution. In 1972, a new approach was 
pursued, combining both methods--mathematical programming 
and optimality criteria. Now researchers in both areas 
began to look more closely for a fundamental relationship 
between the methods. 
The next step in the development of structural 
optimization was the introduction of approximation concepts 
as a mechanism to improve the efficiency of using 
mathematical programming techniques. The most important 
concept was the use of intermediate variables to provide 
high-quality, 
problem. The 
been created, 
optimization. 
explicit approximations to the original 
approximation to the original problem having 
the approximating functions were used in the 
once the optimum solution to the approximate 
problem was found, a precise finite element analysis was 
performed and a new approximation was created. In this 
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fashion, the final optimum was obtained iteratively. 
Although all of these algorithms were developed 
primarily by the operations research community, major 
modifications have often been made to provide an efficient 
and reliable tool for structural design. The reasons for 
these modifications 
difference between 
are: 1) 
developing 
There is a 
a mathematical 
fundamental 
algorithm, 
together with proofs of convergence indicating its 
efficiency, and actually making this algorithm usable for 
engineering design on a digital computer. 2) The cost of 
one analysis of a proposed design can be very high; 
therefore, the rate of convergence of the optimization 
algorithm is important. A method that converges quickly to 
a near optimum is usually preferred to one that converges 
slowly to a precise optimum. 
Usually, for practical design, only two criteria are 
meaningful[9]. First, does the program reliably achieve a 
near-optimum design and, second, does the program use few 
enough function evaluations to be usable economically for 
the design task. The manner in which the optimization and 
analysis programs are coupled together to create the design 
program will determine the ultimate utility of these 
techniques, and the engineer's ability to match the 
optimization algorithm to the design problem usually has the 
most important impact on the overall result. 
Most large computer installations maintain one or more 
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nonlinear programming codes. Although the code is based on 
a particular algorithm, it will reflect the ability of the 
person who programmed the code. The reason for this is that 
the designers are attempting to model numerically on the 
computer much of their own judgment, experience, and 
intuition. Today, engineers should no longer find it 
necessary to develop their own programs. However, it should 
be expected that, with experience, they may wish to tailor 
an existing code to solve their particular design problem 
more efficiently. 
Another important part of structural synthesis is the 
analysis capabilities. In most design cases the finite 
element method is used, although for specific cases other 
analysis techniques may be employed. Today, the most widely 
used program for finite element analysis is NASTRAN. 
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CASE STUDY: REDESIGN OF AIR SEPARATOR 
5.1 THE BENEFITS OF PRODUCT REDESIGN 
The benefits of product redesign are clear and obvious. 
Not only are materials, labor, and factor burden costs 
reduced, but the price and quality of the products are 
improved as well[ll]. Despite such obvious advantages, most 
companies do not include product redesign in their arsenal 
of cost-cutting methods. The reason for this is that 
engineering changes are usually thought of only in terms of 
improving performance or safety, not cutting costs. This 
seems to be changing, however. The increasingly competitive 
marketplace is forcing managers to utilize every available 
cost-cutting tool. In a redesign program, engineers search 
for product changes that will reduce costs without 
compromising the existing level of performance and safety. 
The need to redesign an existing product can arise from 
a variety of different circumstances. Sometimes a product 
can no longer be sold profitably without a thorough overhaul 
of its structure and components. Or, a competitor may have 
made important technological or practical advancements, 
making the product virtually obsolete. Perhaps the cost of 
raw materials that go into a product has increased to such 
an extent that the finished product is no longer profitable. 
Products that are no longer competitive are not the 
only ones that should be redesigned. Successful products 
should be considered also. In fact, the best time for a 
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company to revise a product is while it is still at the 
height of its popularity; its high sales volume will permit 
the redesign to be carried out in the most profitable 
manner. 
A good case can be made to redesign important products 
on a regular basis. Technical knowledge is doubling every 
few years, resulting in a decrease in the life-cycle of the 
average product. Thus, to cut costs, maintain or improve 
profit and quality, and keep up with state-of-the-art 
advancements, manufacturers ought to periodically scrutinize 
many products with redesign in mind. 
In a redesign project, an existing design is analyzed 
with an eye toward reducing product cost while still 
maintaining the level of performance and safety already 
achieved. As part of the redesign review process, the 
engineers should consider the following possibilities[ll]: 
o Change in materials to reduce cost. 
o Reduction in number of parts in subassemblies. 
o Standardization of parts. 
o Specification of maximum tolerances. 
o Standardization of dimensions. 
o Simplification of test and evaluation procedures. 
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5.2 SPECIFICATION FOR FULLER 0-SEPA 
5.2.1 Functional Description 
The Fuller 0-SEPA separator is a centrifugal type 
classifier comprised of the main parts listed below and 
shown on the following figures 3 and 4. 
A. Main Housing Assembly 
B. Lower Hopper Assembly 
C. Exit Duct Assembly 
D. Rotor Assembly 
E. Shaft Assembly 
F. Drive Assembly 
G. Flap Valve Assembly 
H. Tertiary Air Damper Assembly 
The rotating shaft and rotor are driven by either a 
vertical type motor through a vertical type reducer coupled 
directly to the main shaft, or by a horizontal motor through 
a right angle reducer. The rotor speed can be adjusted by 
means of the variable speed motor to allow adjustment of the 
product size. 
The material fed to the 0-SEPA is directed by the feed 
chutes onto the dispersion plate located on the top of the 
rotor. It is then distributed by centrifugal force into the 
annular gap between the rotor and the stationary guide 
vanes, the buffer plate providing an impact ring to direct 
the material down into this separator zone. The product is 
carried by the air flow through the separator into the 
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center of the rotor and exits the separator through the 
outlet duct located on the top with a right angle oend. The 
rejects fall down into the hopper and are discharged through 
the flap valve on the bottom. 
There are three locations for gas flow to enter the 0-
Sepa. 
1 ) Primary air is comprised of mill vent air and 
ambient air entering through a bleed air damper. 
2) Secondary air is comprised of vent air from 
auxiliary equipment in the circuit and ambient air entering 
through a bleed air damper. 
Primary and secondary air both enter tangentially into 
the upper housing of the 0-Sepa. 
3) Tertiary air is all ambient air and 
rejects hopper through inlet ducts with dampers. 
enters the 
The primary and secondary air create a vortex in the 
separation zone of the separator which is enhanced by the 
stationary guide vanes located around the rotor. The rotor 
is comprised of horizontal partition plates which ensure 
that a precise horizontal vortex is formed and vertical flow 
adjusting blades which provide the final separation. The 
vortex increases material retention time in the separating 
zone. Product particle size is dictated by the balance 
of the rotor centrifugal force opposing the inward force of 
· air. 
As mentioned before, the fine particles are carried by 
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the classifying air, drawn into the chamber through the 
primary, secondary, and tertiary air inlet ducts, into the 
center of the classifying chamber where they are collected 
into the fine product exit duct. The coarse particles are 
thrown onto the guide vane by centrifugal force where they 
are further classified by the classifying air and carried to 
the lower hopper. Here, the particles are again classified 
by the air blown in from the tertiary air inlet duct and the 
fine particles are carried up into the classifying 
compartment by air while the coarse particles are collected 
into the lower hopper. The air seal prevents the coarse 
particles from mixing with the fine particles. The guide 
vanes, swirl blades, and partition plate serve to direct the 
flow of the classifying air and to control the classifying 
point. Adjustment of the classifying point is made by 
changing the rotor speed. 
5.2.2 Mechanical Housing 
a) Main Housing 
The housing oft e separa or is h t · fabri· cated of mild 
carbon steel. The tangential air inlet ducts and the 
product discharge duct are lined with a ceramic lining. The 
feed inlets are lined with abrasion-resistant steel. The 
rejec s opper is t h 
· li'ned using steel hoops which form a 
material lining. 
Since only small loadings exist on the main housing 
apart from upper structure support, the possibility of great 
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material reductions in the area of the main housing exists. 
The top plate of the main housing is being studied to 
determine if 1/2-inch plate is actually necessary in the 
existing design configuration. With the detachment of the 
upper structure from the upper plate, the only loading is a 
partial of the exhaust duct. 
b) Rotor Assembly 
The rotor is attached to the end of a shaft supported 
by a spherical thrust bearing at the top and spherical 
roller bearing at the bottom. The rotor is constructed of 
multiple layers with partition plates separating each layer. 
The top plate, onto which the feed drops, is lined using 
abrasion resistant steel. 
The upper support structure is being analyzed to take 
advantage of any weight savings created in the rotor and 
drive sections. Since the total weight of these units rests 
on the upper support structure, weight reductions would 
carry through the complete assembly, allowing reductions in 
the capacity of the support units. 
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5.3 CONSTRUCTION OF THE FINITE ELEMENT MODEL USING THE PRE-
PROCESSOR OF CAEDS 2.5 
In order to apply and test the methodology developed in 
this thesis, the main housing of the Fuller 0-SEPA separator 
was modeled. 
As mentioned before, the construction of the model, 
especially one with a complex shape, has always been one of 
the most labor-intensive steps in finite element analysis. 
First the geometry of the model was created using the solid 
modeling capability of the software. Solid models can be 
built with either one or both of the following schemes: 
primitive or boundary representation. In the primitive 
approach also called Constructive Solid Geometry (CSG), 
elementary shapes are combined by Boolean logic commands 
such as union, difference, and intersection. With boundary 
definition, two-dimensional surfaces are swept to trace out 
volume. Most systems offer several types of sweeps such as 
linear, compound, and rotational to help create a variety of 
shapes. In constructing the complex geometry of the main 
housing first, a profile of the model was created. Then the 
define profile was extruded into a solid object. 
Once the geometry was constructed it was transferred to 
the wire frame representation in order to construct the 
finite elements. Because of the shape complexity of the 
~ 
model, three different segments of the geometry had to be 
modeled separately. Those three segments were: bottom 
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(, 
l 
l 
~ 
\ 
\ 
I 
I 
plate, upper plate, and outer-side shells. Although each 
segment was modeled separately, the problem of connectivity 
had to be addressed. In order to submit the model for 
structural 
connected. 
analysis all adjacent elements must be 
After dividing each of the segments into surfaces and 
creating the edges, the finite element mesh was created 
taking advantage of the mapped mesh generation capability of 
the program. With mapped mesh generation, part geometry is 
divided into surfaces having three or four edges. Then the 
user specifies mesh density according to the required 
accuracy of the results. The system then automatically 
creates a pattern of elements in the area. It is obvious 
that the finer the grid, the more accurate the results. In 
areas with irregular boundaries and high stress gradients, a 
more dense mesh was create. Mesh density is specified by 
defining the number of node points required on each side of 
the mapped surface. The system connects corresponding nodes 
on the opposing sides creating a uniform mesh of nodes and 
elements across the surface. 
In order to overcome the complexity of the shape 
another feature of the software, mixed bias, was used. This 
feature allowed the designer/analyst to specify different 
node spacing on opposite sides of the surface being mapped. 
The system automatically accommodated the differences in 
node spacing with appropriate element connectivity that 
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blended the surface in a smooth transition. 
The elements being used 
quadrilateral linear thin shell. 
in this 
Because the 
were 
were 
described parametrically (modulous of elasticity, Poisson 
ratio, thickness), many design modlifications can be made 
very easily. Another kind of element, beam elements, was 
used to describe the stiffeners attached to the outer 
shells. The purpose of these stiffeners was to add 
strength to the housing. 
Before applying loads and restraints and sub~itting the 
model for analysis it must be checked for cracks. This was 
done with the free edge checking capability of the program. 
This feature highlights inadvertent cracks in the model 
where surfaces join together. As mentioned before, it is 
very important that all finite elements be interconnected in 
order to have accurate results. This process was done a few 
times because cracks were shown in the model and 
modifications had to be made to the mesh. 
Finally, after creating the finite element mesh, loads 
and restraints were applied to the model. Each one of the 
loads and restraints can be specified in six directions; 
x,y,z coordinates and rotational about each one of these 
axes. Restraints were applied at four points where the main 
housing was attached to the support structure. The loads 
applied to the model were due to the weight of the 
components and took into account that the hopper was full of 
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material. 
The last step was to define material and physical pro-
perties of the model and submit the structure for analysis. 
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5.4 STRUCTURAL ANALYSIS USING NASTRAN 
The next step after constructing the model is to submit 
the model for structural analysis. Today, many technologies 
in the field of linear structural analysis have been coded 
and they are available as computer programs. These computer 
programs which support structural analysis represent the 
most advanced technology in structural mechanics as well as 
the fields of computer science and numerical analysis. 
One of the well-known computer programs which support 
structural analysis is NASTRAN (NAsa STRuctural ANalysis). 
This program was conceived and developed by the National 
Aeronautics and Space Administration (NASA) to fill a need 
for a universally available finite element program[l2]. At 
first the program was available on a purchase basis through 
the Computer Software Management and Information Center 
(COSMIC) until the release of level 16.0. This and all 
subsequent COSMIC releases have been available only on a 
restricted lease basis. 
In addition to the NASA-supported version of NASTRAN, 
there are several proprietary versions of NASTRAN. The most 
widely known program is called MSC/NASTRAN which is 
developed 
Corporation. 
and maintained by the MacNeal-Schwendler 
The MSC/NASTRAN version is taken to be the 
standard for NASTRAN. Therefore, it is becoming the 
standard for structural analysis. There are a few reasons 
for this: 1) its wide usage throughout the United States 
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and the world; 2) it has been continually maintained and 
developed, therefore the program has advanced features; 3) 
the responsiveness to user needs. The model constructed in 
this case study was submitted for structural analysis using 
MSC/NASTRAN. 
MSC/NASTRAN is a system that will create and manipulate 
a data base to solve problems using matrix structural 
analysis [16]. The system is composed of three parts: a 
data base, an executive system, and modules that perform 
modelling, data base manipulation and program I/0. [Fig 5]. 
Modelling Functional Input/Output 
Modules Modules Modules 
l 
Executive System_ 
~ 
l 
Data Base 
Figure 5. Schematic of NASTRAN Functional Organization 
There are two ways to create the data base. The first 
one is directly from the input stream by the I/0 modules, 
and the second one is by modelling modules. After creating 
the data base, the information is then manipulated by the 
functional modules to obtain a solution data set that is 
then selectively displayed by the user. The whole process 
is controlled by the MSC/NASTRAN executive, which is under 
user control by means of the MSC/NASTRAN language that is 
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called Direct Matrix Abstraction Programming (DMAP). 
In order to help the user to execute the commands, a 
set of precoded DMAP sequence, called rigid formats, has 
been included in the program. Such rigid formats for 
performing a large number of analyses types are static 
analysis, 
others. 
normal modes analysis, buckling analysis and 
When applying the analysis process, it is necessary 
first to define the physical problem. This is the section 
of the input deck that is used to define the grid point 
locations, the element connectivity, the element properties, 
the material properties, and the loads and constraints. 
After completely defining the problem, it is important to 
specify what type of analysis should be executed. This is 
done by me~ns of executive control directives in the 
executive control deck which define the rigid format and the 
request for the display of certain executive tables such as 
displacement set membership. 
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5.5 EVALUATION OF THE RESULTS USING POST-PROCESSOR OF CAEDS 
2.5 
After a solution was obtained for the problem, many 
information output options and graphical displays were 
possible permitting the user to interpret the solution more 
efficiently. 
In this case study two options were 
Information on displays of stress contours. 
about the structure in its original 
configuration. 
STRESS CONTOURS 
TOP PLATE 
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examined: 
. 
1) 
2) Information 
and deformed 
ASSEMHLE MODEL 
BOTTOM PI.ATf· 
SI Df. SIIF.LL 
DISPLACEMENTS 
SIDE SHELL 
TOP PLATF. 
BO'l'TOM PLATE ASSEMBLE MODEL 
Because of the low stresses occuring at the Top Plate 
design modification can be made. These design modifications 
were analyzed again to study the effects on the model. 
Further analysis work showed that the thickness of the Top 
Plate can be reduced from 1/2 inch to 1/4 inch. 
The same approach is being taken analyzing the support 
strucure. Since the weight of the rotor and drive sections 
rests on the upper support strucure, weight reduction would 
carry through the complete assembly, allowing reduction in 
the capacity of the support units. 
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CONCLUSION 
It can be concluded that the methodology presented in 
this thesis provides the means for successful integration of 
finite element analysis techniques in the redesign process 
of products with complex shapes. The feasibility of this 
methodology is demonstrated by a case study. 
When the source of the problem is located, engineering 
management is faced with some difficult decisions. A total 
redesign of the offending part will probably lead to the 
best overall product, but the advantages of this must be 
weighed against the cost. As suggested in this thesis, 
companies should not wait for the failures of a product in 
order to redesign it. The redesign of important components 
should be done on a regular basis because of changing 
technologies and 
addition, rapidly 
the highly competitive marketplace. In 
increasing material costs and customer 
demands for greater efficiency make the engineering of today 
less and less acceptable. The solution lies in computer-
aided engineering (CAE), in which a computer-generated model 
is analyzed by software. The finite element analysis forms 
only a part of this software together with other analysis 
modules such as mechanisms analysis. It is important that 
the software be so easy to operate that the design engineer 
can conduct the analysis himself on parts that he has 
designed. This concept of the testing of software 
prototypes by such methods as finite element analysis is 
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considered by many to be so important that it has been 
predicted that it will become an essential component of 
industrial competitiveness. 
The timing of e ana ys s th 1 i in the engineering cycle 
also has great impact on its effectiveness. If the analysis 
is performed late in the engineering cycle, then any 
fundamental design weakness which is detected can only be 
overcome by an extremely expensive redesign--a solution 
which is not satisfactory. On the other hand, if the parts 
are subjected to detailed analysis as early as possible in 
the engineering eye e, 
· 1 any design errors can be detected at 
a time when they can be eliminated at a minimum cost and 
with a minimum delay to the project. 
The starting point for any analysis is the definition 
of the geometry. Today's more technologically advanced 
computer-aided design and manufacturing systems go much 
further than using a computer system to produce the same 
drawings that are traditionally created on the drawing 
board. There are three basic methods of defining the model: 
wire frame, surface modelling, and solid modelling. It is 
very important to have the ability to do solid modelling in 
a finite element package because this feature further 
increases the amount of information held within the model. 
Now the system knows not only the geometry of the part, but 
from Whl'ch 1·t is made. also the material 
modelling most fully defines the part 
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This form of 
and allows any 
arbitrary section to be taken. 
Today, many of the companies providing commercial 
packages for finite element analysis include solid modelling 
as part of their software. In order to maximize the 
effectiveness of using computer aids, the analysis software, 
such as finite element, should be fully integrated within a 
system which is not just CAD, but which may now be referred 
to as a computer-aided engineering system. 
Today, any company should add the analysis step to the 
engineering cycle in order to be efficitnt and to have a 
competitive advantage. This step comes between the initial 
design and the production of detailed drawings and prototype 
construction. It changes the design philosophy from build 
an actual prototype and try it, to build a model and analyze 
it on the computer. By carrying out analyses on the 
software prototype, the construction of the physical 
prototype is delayed, the amount of testing needed is 
greatly reduced, and data transmission between the various 
stages in the engineering cycle takes place electronically. 
The advantages are clear and obvious. The overall time 
required is reduced, the possibility of transcription errors 
disappears, 
savings. 
There 
and all of that leads to a substantial cost 
are many reasons why today's engineers have been 
forced to look for better, more economical designs. Among 
these reasons are lack of resources, the need for efficiency 
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in today's competitive world, and the availability of fast 
digital computers and better knowledge about the finite 
element method. All of these led to the development of 
optimization techniques which can be used to investigate a 
number of different designs and to select the best design 
based on some criterion. Although structural synthesis has 
become a practical tool, it remains difficult to identify 
industrial organizations that utilize formal optimization 
techniques to a significant and continuing degree. 
In this author's opinion, in the near future, more and 
more companies will realize that in order to stay profitable 
and efficient, they must integrate all of their engineering 
function under one system called computer-aided engineering. 
It will probably go beyond the typical automated design 
system which optimizes only the performance characteristics, 
to include the integration of all aspects of production 
development and manufacturing toward a universal optimum. 
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APPENDIX: COMPARISON AMONG DIFFERENT COMMERCIAL 
PACKAGES OF FINITE ELEMENT 
A) IBM CORPORATION - CAEDS 2.5 
B) UCCEL CORPORATION - PREVIEW/POSTVIEW 
C) CONTROL DATA CORPORATION - PATRAN G 
D) MacNEAL-SCHWENDLER CORPORATION -
MSC/GRASP 
E) McDONNELL-DOUGLAS AUTOMATION COMPANY -
GFEM 
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